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ABSTRACT 

A primary package, and method of its production, for 
transferring soluble phosphorus from a secondary pack 
age within the primary package to plant root systems 
without adsorptive loss of phosphorus to surrounding 
soil constituents. 
The secondary package contains insoluble rock phos 
phate particles and a second contingent of microorgan 
isms in a nutrient hydrogen mocroenvironment which 
allows the microorganisms to act on those phosphate 
particles to create soluble forms of phosphorus. Alter- ‘ 
natively, the secondary package contains granules of 
commercially re?ned phosphorus fertilizer packaged to 
dissolve in a regulated, timed-release fashion. 

The primary package comprises a cellulosic support 
device which may be wet,'moist or dry, and within 
which the secondary package is supported along with a 
vector plant seed or seedling and propagules of pri 
mary, plant-bene?cial microorganisms. The primary 
package may be formed into desired con?gurations and 
may contain self-adhesive or gel-forming materials. 

The primary package system is introduced into soil and, 
under proper environmental conditions, a vector plant 
develops and the microorganisms become active and 
form a symbiotic relationship with the vector plant. The _ 
growing plant provides a vehicle for inoculating other 
nearby plant roots with the microorganisms. The mi 
croorganisms then transfer soluble phosphorus from the 
secondary package to the vector plant and then to other 
plants by a process of translocation. The vector plant 
may also serve as a buffer for soluble phosphorus and as 

' an agent for the conversion of inorganic to organic 
forms of soluble phosphorus through its conversion to 
biomass. 

8 Claims, 7 Drawing Figures 
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PLANT FERTILIZATION USING A 
MICROBIOLOGICAL SYSTEM FOR 
PHOSPHORUS EXTRACTION AND 

DISTRIBUTION 

BACKGROUND 
1. Field of the Invention 
The present invention relates to an improved method 

and apparatus for producing, packaging and deploying 
bene?cial symbiotic mycorrhizal fungi and actinomy 
cete bacteria in association with a source of phosphorus 
in order to fertilize crops or other plants. The present 
invention thus relates to a system of plant fertilization 
utilizing microorganisms for extracting phosphorus 
from rock phosphate, soil, or commercially re?ned 
phosphate sources and distributing these materials to 
plant root systems without adsorptive loss to clay min 
erals and other soil constituents. 

_2. Related Applications 
The present application is a continuation-in-part of 

my copending applications Ser. No. 294,681 ?led Aug. 
20, 1981, entitled “Microbiological System For Phos 
phate Extraction and Distribution to Plant Root Sys 
tems,” and Ser. No. 294,682 ?led Aug. 20, 1981, entitled 
“Preparation of Microorganisms For Use in Soil Innoc 
ulation,” which are incorporated herein by reference. 

3. The Prior Art 
It is well known that plants grown in soils which are 

de?cient in soluble phosphorus bene?t from association 
with mycorrhizal fungi (hereinafter referred to as MF) 
and that similar associations are also formed by actino 
mycete bacteria (hereinafter referred to as AB). The 
fungal associations are formed by microorganisms be 
longing to the family Endogonaceae which constitute 
two morphological groups: (1) Ectomycorrhizae form 
principally on the roots of woody plants which include 
economically important families of forest trees. (2) En 
domycorrhizae, also commonly known as vesicular 
arbuscular mycorrhizae (hereinafter referred to as 
VAM), colonize the roots of most food crop plants. 
Both the endomycorrhizal and ectomycorrhizal fungi 
develop symbiotic associations with roots of the plant 
root system, receiving carbohydrates and other nourish 
ment from the plant while directly bene?ting the plant 
by transferring to it phosphorus, water, and other con 
stituents from the soil through a hyphal network. 
The uptake of phosphorus by MP can occur in soils 

de?cient in soluble phosphorus due to a low threshold 
for phosphorus retrieval. Furthermore, the ability of the 
fungus to form an extensive hyphal network in the soil 
surrounding the plant root permits phosphorus recov 
ery from a large volume of soil since there may be up to 
80 cm of hyphae for each cm of root infected by vesicu 
lar-arbuscular endomycorrhizal fungi and an even 
greater mass for ectomycorrhizal fungi. Individual hy 
phae project up to 10 cm from the root system of the 
host plant, thereby penetrating the zone of depletion 
adjacent to the root cortex and greatly extending the 
effective volume of soil from which phosphorus, water 
and other constituents can be extracted. 
Phosphorus transfer from the soil to the plant is ac 

complished within MF by a process termed transloca 
tion. MF ?rst concentrate the extracted phosphorus in 
polyphosphate granules within the cell cytoplasm and 
then move the granules from soil and inter-root hyphae 
through the external hyphal net and ?nally into the 
plant root through an internal hyphal net. In the case of 
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2 
endomycorrhizal fungi, phosphorous exchange and 
entry into the plant is believed to occur in part by means 
of specialized terminal structures or arbuscles, which 
arise from the internal net and invaginate cells of the 
root cortex. 
Although the use of MP to encourage plant growth 

has been shown to be feasible and desirable, they have 
not been employed on a widespread commercialized 
basis since methods have not been perfected to produce 
and package MF propagules on a large scale. 
An apparent limitation to the production of VAM 

fungi used in prior applications is the inability to induce 
these microorganisms to grow and reproduce by means 
of pure in vitro cultures commonly employed to propa 
gate fungi on a commercial scale. The lack of a tech 
nique for producing an effective VAM inoculum by 
means of a culture technique devoid of plant cells pres 
ents an extremely dif?cult, if not an impossible, chal 
lenge to production on a large scale. 

Thus, what is needed is a practical means by which 
MF and AB can be used for encourgaging plant growth 
in commercial applications. This would require a 
method for mass producing ef?cient species of MP and 
AB in sufficient quantities for large-scale distribution. 
This would also require that the microorganisms remain 
viable during storage, transport and implantation into 
the soil. In addition, the microorganisms would also 
have to ef?ciently colonize the roots of host plants so 
that the latter may bene?t from the transfer of phospho 
rus and other soil constituents. 

It is also well known that phosphorus must be in a 
water soluble form in order to be utilized by plants. 
Most soils are de?cient in such soluble forms of phos 
phorus despite the fact that some may have moderate to 
high levels of insoluble or unavailable phosphorus in the 
form of natural minerals, organic phosphorus com 
pounds, and clay minerals containing adsorbed phos 
phorus. 

In order to satisfy the continuing agricultural need 
for soluble phosphorus, chemical re?nement processes 
have been utilized commercially to obtain soluble phos 
phorus from rock, mineral and other phosphates which 
are soluble in acid. Such chemical processes are not 
only complex and energy-intensive, but they generally 
require “high-grade” rock phosphate, the natural 
United States sources of which are becoming depleted. 

It is common practice to apply a refined phosphorus 
fertilizer directly to the soil prior to the growing season 
in order to provide a source of soluble phosphorus; 
however, no means has been provided for preventing 
loss of this soluble phosphorus while in the soil through 
adsorption by clay minerals. A high proportion, often in 
excess of sixty percent (60%), of the soluble phosphorus 
applied as fertilizer to argillaceous soils may be lost due 
to adsorption of phosphorus by clay and iron minerals, 
or by incorporation into organic compounds which are 
normal soil constituents. The phosphorus adsorbed by 
the clay minerals becomes irreversibly bound leading to 
permanent loss of much of the phosphorus fertilizer 
applied to the soil. 
A further problem with direct application of soluble 

phosphorus fertilizers to the rhizosphere of the plant 
root system is a condition referred to as phosphorus 
toxicity. This condition occurs when the phosphorus 

. within a plant exceeds optimal levels for growth, and it 
may result in stunting. Thus, the application of fertilizer 
granules of soluble phosphorus may produce an initially 
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high level of phosphorus in the soil and may result in 
decreased growth in the nearby plants. 

In seeking to overcome these problems, attempts 
have previously been made to utilize unre?ned rock 
phosphates or microorganisms or combinations thereof 
in a soil environment near plant root systems in order to 
provide soluble phosphorus to those root systems. 
These attempts have been based on the understanding 
that soluble phosphorus compounds may be derived 
from natural minerals and organic phosphorus com 
pounds through the action of bacterial microorganisms, 
as well as by organic and inorganic acids. Such attempts 
are re?ected in the disclosures of US. Pat. Ser. Nos. 
947,795, 1,361,597, and 4,155,737. However, these at 
tempts have not succeeded in providing a stable micro 
environment necessary for sustaining growth of the 
bacterial microorganisms capable of converting insolu 
ble into soluble phosphorus compounds. 

In the past, attempts to produce soluble phosphate 
from existing insoluble sources within the soil have 
generally been unworkable. Most soils in temperate 
climates do not provided the conditions of low pH 
which are conducive to the spontaneous conversion of 
insoluble forms of phosphorus to soluble forms of phos 
phorus. Insolubility may thus be related in part to a 
neutral or alkaline soil pH and to a lack of other inor 
ganic and organic factors in the soil which would favor 
the conversion of insoluble to soluble forms of phospho 
rus. The problem of providing a substantial mineral or 
other unre?ned source of soluble phosphate for plant 
fertilization in most types of soils has not been suitably 
solved by the prior art. 

Laboratory and limited ?eld experiments have uti 
lized MF microorganisms for securing and transferring 
naturally occurring phosphorus from the soil to adja 
cent plant root systems. In vitro laboratory tests and 
recent ?eld experiments have also demonstrated that 
certain MF are capable of translocating soluble phos 
phorus from a plant with high levels of phosphorus to a 
plant which is de?cient in phosphorus. However, high 
levels of soluble phosphorus may reduce the incidence 
of MF associated with the plant roots, and none of the 
above-described methods and devices provide a full and 
workable organic approach to the problem of supplying 
soluble phosphorus to plants either in suf?cient quantity 
or without loss through adsorption. 
What is needed to fully overcome the de?ciencies of 

the prior art is a means for the controlled mobilization 
of soluble phosphorus from one or more sources and its 
transfer to plant root systems without appreciable loss 
to clay minerals and other adsorptive constituents 
within the surrounding soil. It would be a further im 
portant improvement to provide a means for supplying 
phosphorus to plant systems from unre?ned sources of 
rock phosphate. Another desirable improvement would 
be to provide a phosphorus supply which would be 
available over an extended period of time, such that the 
plant nutrient requirements are met without phosphorus 
toxicity. A still further advance in the art would be to 
provide a means for balancing the phosphorus levels so 
as to transfer phosphorus from plants which have an 
adequate or relatively high level of phosphorus to those 
de?cient in phosphorus. 

BRIEF SUMMARY AND OBJECTS OF THE 
INVENTION 

The phosphorus fertilization system of the present 
invention consists of a primary package or enclosure 
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4 
which becomes functional following implantation into 
soil or other environment of plant growth. Functional 
components of the primary packaging include both a 
second package containing a source of soluble phospho 
rus compounds and propagules of MP or AB microor 
ganisms (primary microorganisms) for transferring the 
phosphorus from the primary package into plants with 
out adsorptive loss to the soil. Also included within the 
primary package are seeds or seedlings of a plant (vec 
tor plant) whose root system serves to promote the 
development of the primary microorganisms which 
come to form a network interconnecting the vector 
plant with a series of crop or other plants. 

In the case of perrenial plants, the vector plant and 
associated microorganisms may simply engage a plant 
system whose root system is already interconnected by 
MP and AB. Fertilization occurs as phosphorus from 
the secondary package diffuses into the primary pack 
age, and is thence transferred sequentially by primary 
microorganisms into the vector plant and into the other 
recipient plants. The primary package is produced by 
combining the functional components in a ?brous or gel 
support structure which serves ?rst as a vehicle for 
implanting the components into the soil, and later pro 
vides an environment for promoting growth of the 
organisms included within the package. Depending on 
the type of plant to be fertilized, the soil conditions and 
the means of deployment, the primary package may be 
dry, moist or wet; it may be con?gured of various 
shapes and sizes, and may be provided with an outer 
cover, container or envelope which serves to prolong 
the interaction between organisms originating in the 
package or capsule. 

The second package, containing a source of phospho 
rus in a time-delay and timed-release form, has one of 
two con?gurations. In the ?rst, the phosphorus is com 
prised of re?ned commercial phosphorus fertilizer 
formed into granules so as to release the fertilizer at an 
appropriate rate. The other type of second package 
contains unre?ned and relatively insoluble forms of 
phosphorus in a unit termed a rock phosphate extrac 
tion unit. It contains a mixture of particles of ?nely 
ground rock phosphate or other insoluble phosphorus 
compound, a nutrient hydrogel matrix for bacteria and 
phosphobacteria comprising second microorganisms 
whose cell products are capable of converting or ex 
tracting soluble from insoluble forms of phosphorus. 
Exposure to moisture results in the slow but progressive 
hydration of the gel which then releases the nutrients 
which sustain the growth of phosphobacteria. The lat 
ter, in turn, act on the insoluble phosphorus compounds 
in the microenvironment provided by the gel, releasing 
soluble forms of phosphorus into the hydrated support 
matrix of the primary package. 
The primary microorganisms consisting of mycorrhi 

zal fungi or actinomycete bacteria, are key elements in 
the system since they are able to secure soluble forms of 
phosphorus from a variety of sources, including the soil 
and to transfer the phosphorus directly into the root of 
a plant without loss to surrounding soil constituents. 

Propagules of the primary microorganisms for com 
mercial production of the primary packages are pro 
duced by four novel techniques: one involves the use of 
infected propagative host plants which are grown hy 
droponically using either a ?brous support matrix or 
nutrient ?lm technique to produce a concentrated inoc 
ulum consisting of plant roots and associated microor 
ganisms. A second technique involves the propagation 
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of epigeous species of microorganisms in association 
with host plants whose production of sporocarps or 
other fruiting bodies above the soil surface permits 
periodic harvesting of the propagules. A third tech 
nique involves co-culture of the microorganisms in 
association with germinating seeds and seedlings of an 
appropriate host plant. Co-incubation in a regulated 
microenvironment, or gemination chamber, leads to 
early infectivity of the plant roots and the development 
of a hyphal network of associated primary microorgan 
isms. The infected seedlings can be deployed as pre 
inoculated vector plants in a hydrated primary package, 
or they may be dissociated and the infected root frag 
ments used as an inoculum for other vector plants in 
cluded in the primary package. A fourth technique for 
the propagation of ectomycorrhizal fungi consists of 
incubating clean spores of a primary microorganism on 
a sterilized grain substratum inside a sterile plastic bag. 
In this case, mycorrhizal growth occurs in a sterile 
environment in which temperature and nutrients neces 
sary for growth and the development of fruiting bodies 
can be controlled. 
The primary packages arise by mixing the compo 

nents together with a cellulosic vehicle and forming 
them into a desired shape either by extrusion of a hy 
drated viscous mass, or by paper product technology 
which involves a slurry or pulp. Fibrous primary pack 
ages may be prepared which remain moist, are dried at 
low temperatures, or are freeze-dried prior to deploy 
ment into the soil. Gel primary packages constitute an 
alternate means of deployment utilizing a highly hy 
drated matrix. 

Inoculation of the package into soil under proper 
environmental conditions leads to germination and 
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timed-release mechanism so that phosphorus toxicity to 
plants can be minimized or avoided. 

Still another object of the present invention is to 
employ a vector plant as a means for introducing my 
corrhizal fungi and actinomycete bacteria so as to inoc 
ulate the soil with such microorganisms and to provide 
a means for establishing a symbiotic relationship with a 
series of nearby surrounding crop or other plant sys 
tems. 
A further object of the present invention is to provide 

a mycorrhizal host (vector) plant as a recipient of solu 
ble phosphorus arising from the package, to buffer and 
distribute it into a series of nearby plants, and as an 
agent for its conversion into biomass which is rich in 
organic forms of soluble phosphorus. 
Another primary object of the present invention is to 

provide improved methods for propagating and mass 
producing mycorrhizal fungi and actinomycete bac 
teria. 
Another object of the present invention is to provide 

a means for protecting and/or inducing reduced activ 
ity, inactivity or dormancy in propagules of the primary 
microorganisms so as to ensure their viability during 
packaging, storage, transportation and deployment. 

Still another object of the present invention is to 
provide a means of packaging the mycorrhizal fungi 
vector plants and phosphorus source within a support _ 
medium so as to form an effective means for their intro 
duction and growth in the soil. 
These and other objects and features of the present 

invention will become more fully apparent from the 
following description and appended claims taken in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
growth of the vector plant seed or seedling, and devel 
opment of the primary microorganisms. Symbiotic rela 
tionships are formed between the two which allow the 
microorganisms to grow and become distributed within 
the soil and ultimately to interconnect the roots of adja 
cent plants which are to be fertilized. Thus, primary 
microorganisms come to form a network which func 
tionally interrelates the root system of several plants so 
as to transfer soluble phosphorus from the package to 
plants as it emanates from within the package. 
The MF and AB microorganisms may also buffer 

phosphorus levels between plants. Thus, they may 
translocate phosphorus from host plants containing a 
relatively high concentration to adjacent phosphorus 
de?cient plants. Additionally, primary microorganisms 
situated in soil containing soluble forms of phosphorus 
may secure and translocate phosphorus into associated 
plants. In all such exchanges, loss of the soluble phos 
phorus by adsorption to clay minerals and soil consitu 
ents is either minimized or does not occur since translo 
cation is accomplished intracellularly through the 
highly elongate, primary microorganisms. 

It is, therefore, a primary object of the present inven 
tion to provide a system for the biological transfer of 
soluble phosphorus to fertilize plants without substan 
tial loss through adsorption to constituents of the soil. 
Another object of the present invention is to provide 

for the conversion of insoluble rock phosphate into 
soluble forms of phosphorus by means of a complement 
of second phosphobacterial microorganisms within a 
nutrient hydrogel microenvironment. 
Another object of the present invention is to provide 

a source of soluble phosphorus in a package subject to a 
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FIG. 1 is a schematic representation of one embodi 
ment of the present invention as it functions in conjunc 
tion with VAM fungi and the root systems of plants. 
FIG. 2 is a magni?ed schematic cross-section illus 

trating that portion of the root system identi?ed at 2 in 
FIG. 1. 
FIG. 3 is a cross-sectional illustration of a ?brous 

primary package which comprises one preferred em 
bodiment of the present invention. 
FIG. 4 is a cross-sectional illustration of one pre 

ferred embodiment of a rock phosphate secondary 
package for use in the claimed invention. 
FIG. 5 is a cross~sectional illustration of a re?ned 

phosphorus secondary package which comprises an 
other preferred embodiment for use in the claimed in‘: 
vention. 
FIG. 6 is a cross-sectional illustration of a gel primary 

package which comprises a second preferred embodi 
ment of the present invention. v 
FIG. 7 is a cross-sectional illustration of a ribbon, 

strap or slab which comprises a third preferred embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Reference is now made to the Figures wherein like 
parts are designated with like numerals throughout. 

Referring initially to FIG. 1, one embodiment of the 
invention is schematically illustrated as it actually func 
tions in conjunction with plant root systems. In this 
?gure, the host or “vector” plant, generally designated 
at 10, is shown in a growth state with a primary package 
or capsule 8 affixed to the upper portion of the root 
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system 13 of plant 10. Vector plant 10 was initially 
contained within package 8 as a seed or seedling, along 
with one or more sources of soluble phosphorus as 
secondary packages, and propagules of AB, ecto-MF or 
endo-MF. 
Vector plant 10 is an important constituent in this 

system with respect to both the propagation of the MF 
and AB within the soil environment. It is essentially 
impossible to introduce these microorganisms into a soil - 
environment and have them survive without association 
with a plant host. As discussed more fully hereafter, this 
initial association is encouraged by including in the 
primary package the seed or seedlings of vector plant 10 
so as to generate such a host plant. By initially develop 
ing this necessary relationship with plant 10, the micro 
organisms are provided with the nutrients and physical 
substratum necessary to sustain their growth. 
As vector plant 10 grows, its extending roots give rise 

to additional cells which are then colonized by the 
microorganisms as they grow outward and/or down 
ward and thereby introduce microorganisms through 
out the soil. Soil hyphae 18 and inter-root hyphae 24 
develop, and serve to interconnect the roots of the 
vector plant with other plants 20 and 22. The vector 
plant 10 is selected for its ability to grow and to estab 
lish an extensive root system interdigitating with that of 
the crop or other plants it is intended to supply with 
phosphorus and for the ability of its roots to maintain a 
connection in or upon the primary package 8. In addi 

7tion, when vector plant 10 comprises a perennial plant, 
f‘ it provides a long-term host such that the fungi or bac 
teria may remain viable over periods of years, while 
maintaining a symbiotic relationship with recipient 
plants 20 and 22. 
MF within capsule 8 become activated and form a 

symbiotic relationship with the roots 13 as vector plant 
10 grows. The MF fungi are nourished by carbohy 
drates and other chemical exudates produced within 

'f cortical root cells of the growing plant 10. By reference 
‘ to FIG. 2 taken in conjunction with FIG. 1, it is seen 
‘that the morphology of the primary microorganisms 
‘involves a variety of interconnected tubular structures 
and specialized appendages. AB and MF form morpho 
logically specialized associations of hyphae with the 
plant root 13 consisting of a contiguous and con?uent 
external net 14 on the surface of root 13 and an internal 
net 15 located in the root cortex 17. Endomycorrhizae 
also give rise to characteristic arbuscules 19 and vesicles 
21 (FIG. 2) in the internal association. 
Hyphae arising from the external net 14 may extend 

several centimeters from the root of the host plant 10. 
These hyphae may bear spores, or as mycelial constitu 
ents may give rise to sporocarps or sporangia. Some of 
the external hyphae may also extend outward to end 
blindly and may thus serve to recover nutrients from 
the surrounding soil or biomass. Such hyphae, which do 
not infect or interconnect roots, and which secure phos 
phorus or other nutrients from the surrounding soil, 
may be referred to as soil hyphae 18. 
As the roots of vector plant 10 grow, successively 

more distal portions become infected by MF and AB, 
allowing the primary microorganisms to encounter the 
root systems of other plants such as those of plants 20 
and 22 in FIG. 1. In addition to the initial relationship 
with cortical cells of plant 10, microorganisms will 
establish a symbiotic association with the other plants 
20 and 22 and thus interconnect them. Hyphal connec 
tions between the roots of plants 10, 20 or 22 are re 
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8 
ferred to as inter-root hyphae 24. In the case of per 
renial plants they may involve different species of AB 
and MF which interconnect the other plants before the 
introduction of the primary package and vector plants. 
Through the inter-root hyphae 24, microorganisms 

may transfer phosphorus from a plant containing a rela 
tively high concentration of phosphorus to one or more 
plants with a lower concentration. Thus, if a plant 10 
has a high level of phosphorus, phosphorus may be 
translocated to a phosphorus-de?cient plant through 
inter-root hyphae 24. Further, since the vector plant 10 
may act as a medium through which phosphorus from 
primary package 12 is transferred, it may serve as a 
temporary reservoir and may buffer the quantity of 
phosphorus transferred to interconnected plants during 
a given period. It will also be noted that some of the 
phosphorus entering the interconnected plants will be 
converted to soluble organic forms by its incorporation 
into biomass during growth of the plants. 
By reference to FIG. 3, one preferred embodiment of 

the primary package 8 is illustrated as a ?brous package 
12 which is either dry or moist and has the shape of a 
capsule, pellet or ball. Contained within the body of the 
?brous package 12 are one or more secondary packages 
containing phosphorus generally indicated at 25. The 
secondary package 25 contains either a source of re 
fined, commercially available soluble phosphorus fertil 
izer 26 (FIG. 4) in a timed-release form," or rock phos 
phate 40 (FIG. 5) in an extraction unit whose features 
will be hereinafter described in detail. 
Also contained within the ?brous package 12 is the 

seed 32 of a vector plant selected from among plants of 
the same species or of different species to the plant 
species it is desired to fertilize. As heretofore described, 
the root system of the host plant generated from seed 32 
will develop an association with that of crop or recipi= 
ent plants 20 and 22. 
The contents of ?brous package 12 comprise one or 

more species of primary microorganisms whose propa 
gules are in the form of hyphae 34, spores 36, or vesi 
cles. Of course, it will be recognized that there are ' 
multiple varieties of such microorganisms which could 
function in the necessary manner. 
The above-discussed items contained within ?brous 

package 12 are surrounded by cellulosic ?bers 38 which 
are comprised of a mixture of substances, such as sphag= 
num moss, paper pulp, and dissociated plant roots and 
shoots. This matrix is combined with an adhesive or 
gel-forming material 37, such as methylcellulose or is 
otherwise prepared so that the mixture will retain a 
preferred shape in order to be stored, transported and 
implanted into the soil as a primary package 8 (see FIG. 
1). 
Depending on the species of vector plant to be em 

ployed, the mode of deployment and the plant environ 
ment, the ?brous package 12 is enclosed by a container 
or envelope 46 permeable to water and strong enough 
to temporarily contain the developing root of the vec 
tor plant seedling 32 within the capsule and in proximity 
to propagules such as hyphae 34 and spores 36. The 
principal functions of fibrous package 12 are to insure 
inoculation of the vector plant and to preserve the MF 
“bridge” between the primary package and the vetor 
plant. As the plant arising from seed 32 grows, some of 
its roots penetrate or rupture the envelope 46 so as to 
extend outward into the soil while other retain associa 
tion with the package. Envelope 46 can have multiple 
forms and be comprised of various types of materials 
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such as cellophane wrapped around, or polyurethane 
coated upon the surface, or a ?brous bag within which 
components of package 12 are placed. 

Various novel methods are used for producing propa 
gules of the microorganism. In the ?rst, the root sys 
tems of propagative host plants are inoculated and 
grown hydroponically either on a cellulosic or other 
?brous substratum, or using a thin-?lm apparatus. In 
both cases it is possible to optimize the conditions for 
growth of the microorganisms by regulating the envi 
ronment of the plant and its root system. Thus, it is 
possible to change the temperature, humidity, atmo 
spheric gases, nutrients and light levels to maximize the 
development of root-associated hyphae, and to provide 
various types and quantities of ?brous materials to pro 
mote hyphal growth and spore development around the 
propagative host plant roots. 

Maturation of the microorganisms forming the propa 
gules may be fostered by a combination of maturation 
and/or harvesting of portions of the host plant, together 
with regulation of temperature, nutrients, root gases, 
light, and moisture. By these means, a highly concen 
trated and pure inoculum of MF propagules can be 
prepared in mass as part of an independent and commer 
cially viable hydroponic agricultural enterprise, such as 
that involving the production of lettuce. 
According to a second approach for producing prop 

agules, epigeous species of microorganisms capable of 
producing sporangia or sporocarps above the soil sur 
face are grown in association with host plants in the soil. 
For example, a perennial grass host plant can be used 
which allows sporocarps of certain VA fungi to be 
harvested together with the shoots of the host. This 
involves ?rst mowing the grass and then agitating and 
vacuuming the soil surface. Alternatively, the sporo 
carps or sporangia of other MF microorganisms may be 
harvested from the soil surface when trees or similar 
perennial plants are cultivated as hosts. Thus, fruiting 
bodies of certain ectomycorrhizal fungi develop from 
the roots of certain trees in a fashion permitting them to 
be periodically harvested from the soil surface. 
A third method for producing propagules of the pri 

mary microorganisms consists of incubating an inocu 
lum of a particular microorganism in association with 
germinating seeds or seedlings of a propagative host 
plant, which may also be a vector plant or a crop plant. 
By growing the two together, the developing root or 
root system of the young plant becomes infected with 
the microorganisms, and hyphal propagules are formed 
which can be used to infect other plants. The process of 
incubation and co-culmre occurs in a clean or sterile 
environmentally controlled chamber which is substan 
tially free of AB and MF prior to placing the inoculum 
within the chamber. Thus, the chamber contains no 
other species of AB or MF and it therefore promotes 
the development only of the organisms selected and 
fosters the production of an internal and external hyphal 
net and associated MF and AB structures. Growth and 
maturation of the primary microorganisms can be regu 
lated by altering the environment. Infected propagative 
host seedlings are then either maintained in a viable and 
non-dormant condition during incorporation into wet 
or moist primary packages, or they are dissociated and 
th plant fragments incorporated into the support struc— 
ture of other types of moist or dry primary packages. 
A fourth method for producing propagules of ec 

tomycorrhizal fungi consists of incubating clean or 
surface sterilized spores of a particular species on a 
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10 
substratum of a moist, sterilized grain, such as rye grain. 
The clean or sterilized spores are mixed in sterile water 
to form a mixture which is then inoculated into an en 
closure or container such as a bag which contains the 
moist, sterilized grain. The enclosure can also contain 
hormones and nutrients for providing a source of nour 
ishment for the microorganisms. The inoculation proce 
dure is carried out by means of a sterilized syringe and 
needle. One preferred method employs plastic bags 
within which heat sterilization of the grain can be car 
ried out prior to inoculation. The bags are then used as 
an incubation chamber for growth of the microorgan 
isms on the substratum such that eventual maturation 
and production of the fruiting bodies which contain the 
spores can occur. During incubation, the bags are pro 
vided with an opening which may be connected to a 
source of gases and water so that they may pass through 
the opening without permitting introduction of contam 
inating spores of other fungi or bacteria. The opening 
also permits retention of moisture within the bag to 
permit growth of the fungus over the moist grain sub 
strate until propagules and/ or the production of spores 
occurs. 

The formation of the primary package involves sev 
eral different techniques. Dry packages are produced 
by mixing propagules protected against drying and/or 
freeze-drying together with a cellulosic support me 
dium at low temperature. A package may be formed 
either by extruding a hydrated mixture to form capsules 
or pellets or by using paper technology to fabricate a 
ribbon, strip, or corrugated cardboard-type package, 
using paper product technology. The packages are 
formed at a low temperature in the range of 4° centri 
grade to 17° centrigrade, and the residual moisture of 
packages is removed either by allowing it to evaporate, 
or by rapidly freezing and drying at low temperature of 
about 4' centrigrade to prevent germination or loss of 
viability of the fungal propagules and plant seed. Due to 
the presence of soluble and adhesive components in the 
secondary package 25 it is important to effect the for 
mation of the primary package rapidly so the secondary 
packages can be restored to a dry condition before the 
time delay or sustained release mechanisms are acti 
vated by exposure to moisture. The packages are op 
tionally covered by an envelope so as to promote inocu 
lation of the vector plant with the MF. Dry packages, 
protected against the loss of moisture, and containing 
MF hyphae 34 and MF spores 36, in an inactive or 
dormant state, are stored until such time as capsule 12 is 
placed in the soil either manually or by means of appro 
priate agricultural implements. 

Moist ?brous packages are produced using the same 
mixture and the same extrusion or paper-making tech 
niques described for the dry ?brous packages. How 
ever, the packages are allowed to remain in a moist state 
prior to their introduction into the soil. In order to 
increase the storage period of the moist packages, they 
are stored at temperatures below that of the ambient 
room air. The period of storage is directly affected by 
the temperature since any temperature below that of the 
ambient air in the room will retard growth of the vector 
plant and microorganisms. This growth becomes more 
retarded as the temperature decreases down to about 4° 
centigrade. The storage periods appear to be the longest 
when temperatues are in the range of about 4° centi 
grade to about 17° centigrade. 
From the above discussion it will be recognized that 

even when the packages are retained at low tempera 



4,589,225 
11 

tures, a shorter period of time in storage is permissible. 
This is due to the tendency of the vector plant and the 
non-dormant primary microorganisms to grow and to 
the ability of the secondary packages to become hy 
drated when all coexisttogether in the moist matrix. 
However, storage time can be further increased by 
producing incomplete moist packages containing prop 
agules of the primary microorganisms in a ?brous or gel 
support medium and storing the separate packages at 
low temperatures in the range of about 4" centigrade to 
17° centigrade. The packages can subsequently be com 
pleted by combining them with the secondary phospho 
rus packages and vector plant seeds or seedlings by 
means of an adhesive, a wrapping of securing material, 
or a bag which would serve to unite all of the essential 
constituents. 
Wet packages whose support medium consists of a 

gel or a gel and ?brous matrix can be used to include all 
of the active constituents of the primary package as a 
highly hydrated unit. Advantages of the wet package 
are that both the primary microorganisms and vector 
plant seedlings pre-inoculated by microorganisms can 
be deployed in such packages in an active state with no 
delay in their continued development upon introduction 
into the soil. Thus, optimal conditions for continuing 
growth and development of plants bearing MF and AB 
can be provided by transplantation in a liquid or gel 
medium which protects them from injury during mix 

‘ing, transport and introduction into the de?nitive 
growth location. 
Wet packages are useful both for the establishment of 

propagative host plants to be grown under hydroponic 
conditions and for vector plants grown in the soil. 
When used in the ?eld, an aliquot of the complete pri 
mary package mixture may be injected directly into the 
soil using ?uid drilling equipment to form a bolus. This 
bolus is capable of retaining its physical integrity and 
‘providing an optimal environment for the growth of its 
living constituents during the initial period of vector 
plant establishment in the soil. Alternatively, the com 
‘plete primary package mixture may be contained within 
an envelope, tube or bag which is subsequently placed 
in th soil or other growth environment where it under 
goes controlled disintegration during development of 
the vector or propagative host plant. 

All types of wet packages involve mixing of the com 
ponents shortly before the primary packages are put 
into use, and such mixing can conveniently be effected 
in batches on a small scale with commonly available 
equipment such as that used to prepare concrete. The 
consistency of the final mixture for the primary package 
is fully controlled by the addition of gel-forming sub 
stances to the ?brous support medium. 

Activation of the various types of packages involves 
exposure to proper environmental conditions of sun 
light, temperature, and water. Upon activation of the 
plant seed 32, MF hyphae 34 and spores 36 begin to 
grow. The plant arising from the seed 32 becomes vec 
tor plant 10 of FIG. 1 which develops the ?rst symbi 
otic relationship with the MF 34 and 36. As the roots of 
the vector plant 10 extend into the soil, newly formed 
cells are colonized by MP. The MP then grow within 
the soil providing contact between some hyphae 24 and 
the roots of nearby plants. As the soil hyphae 18 and 
inter-root hyphae 24 continue to grow and extend out 
ward, they interconnect the root system of plants 10, 20, 
and 22, and they enlarge the effective size of the rhizo 
sphere of these plants by increasing the volume of soil 
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12 
from which phosphorus is obtained. It is noted that the 
MF hyphae 18 and 24 may extend 7 to 10 centimeters 
from their original host plant. 
Secondary packages containing a source of phospho 

rous are formed in various ways. In one embodiment of 
this invention, the secondary package generally indi 
cated at 25 comprises one or more rock phosphate ex 
traction units containing a second type of biological 
organism which acts upon rock phosphate or other 
insoluble inorganic phosphorus compounds to produce 
soluble phosphorus. The phosphorous from the second 
ary package is then transferred to the plant root system 
in a manner identical to that described above. The con 
?guration of such a phosphorus source is illustrated in 
FIG. 4. 
The phosphorus extraction unit 40 of FIG. 4 includes 

a collection of rock phosphate particles 42 which con 
tain insoluble or slightly soluble phosphorus com 
pounds ground to a powder so that the particle sizes are 
in the range from approximately 5 to approximately 50 
micrometers. 
Also within extraction unit 40 are the second micro 

organisms referred to hereafter as phosphobacteria 44 
which include species of Bacillus, Pseudomonas and 
Agrobacterium. Species of phosphobacteria 44 are se 
lected for use based on their ability to ensporulate, to be 
handled in a dry and a dormant form, to germinate and 
grow in an aqueous gel microenvironment, and to effi 
ciently act upon rock phosphate within the gel to pro 
duce soluble phosphorus compounds. These phos 
phobacteria 44 are propagated under culture conditions 
in order to provide a large number of specimens, and 
they are then subjected to physical conditions which 
induce them to ensporulate and to enter a dormant state. 
The dormant spores and bacteria 44 are dried and main 
tained in a dry and cool condition to provide for maxi 
mal viability during packaging, handling and storage. 
A dehydrated nutrient hydrogel 48 which contains 

the constituents necessary to form an effective phos 
phobacterial growth medium when in the hydrated 
state constitutes the matrix of the extraction unit 40. 
More precisely, the nutrient hydrogel 48, when hy 
drated, constitutes a complete microenvironment. It 
thus contains constituents necessary to promote growth 
of the phosphobacteria 44 following germination, and 
to sustain such growth for periods ranging from weeks 
to months. The hydrogel 48 is additionally constituted 
to maintain the pH within the phosphorus extraction 
unit 40 at a predetermined level so as to provide optimal 
conditions for growth of the phosphobacteria 44 and 
mobilization of the soluble phosphorus compounds de 
rived from the rock phosphate particles 42. 
The nutrient hydrogel 48 is comprised of one or more 

of such gel forming materials as hydroxymethyl cellu 
lose, agar, sugars of large molecular weight or acryli 
mides, with these materials being combined with germi 
nation agents and nutrients such as ribosides, glucose, 
organic anions, cations, Ca-dipicolinate, and buffering 
agents. The materials to be used in the gel are mixed to 
form a compound, particles of which will progressively 
become hydrated when exposed to water and which 
will initiate and sustain the growth of phosphobacteria 
44 for an extended period of time. The nutrient hydro 
gel mixture is prepared as a powder having a preferable 
particle size within the range of approximately 5 to 50 
micrometers. A portion of the hydrogel particles 48 
may be coated with or contain a water-retardant agent 
to provide an additional measure of control over the 
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timed-release process and for the staged growth of the 
phosphobacteria 44 which extends the duration of the 
phosphorus extraction process. 
The mixture of rock phosphate particles 42, phos 

phobacteria 44, and hydrogel 48 is then compressed 
together with an appropriate binder 50 to form a phos 
phorus extraction unit 40 (secondary package) whose 
size and shape is appropriate for a given primary pack 
age. The binder 50 is selected on the basis of its ability 
to unite the constituents without injury to the phos 
phobacteria 44 during compression and for its ability to 
progressively admit moisture so as to permit regulated 
hydration of the nutrient hydrogel 48. 

In use, the phosphorus extraction unit 40 remains 
storable and easily transportable so long as it is kept dry. 
Temporary exposure to moisture during fabrication of 
the primary package, as heretofore described, will not 
compromise the time delay or sustained release mecha 
nisms of the extraction unit 40 if the primary packages 
are either deployed within a period of a few days, or are 
restored to an appropriate condition of dryness. Upon 
prolonged exposure to moisture, phosphorus extraction 
unit 40 provides a support and growth medium for the 
ensporulated phosphobacteria 44. Hydration of the 
nutrient hydrogel particles 48 at the surface of the unit 
makes the nutrients contained therein available to the 
phosphobacteria 44 which then become active. The 
invading moisture does not react with all hydrogel 
particles 48 simultaneously, but rather, the moisture 
intrudes slowly so that hydration of the dehydrated gel 
and solvation of the nutrients within hydrogel particles 
48 occurs in a timedqelease manner. By this means, the 
phosphobacteria 44 are provided both with a long-term 
source of nourishment and an appropriate aqueous envi 
ronment. 

After activation of the phosphorus extraction unit 40, 
the phosphobacteria 44 in the vegetative state begin to 
act upon the rock phosphate particles 42 within extrac 
tion unit 40 such that the phosphorus within those parti 
cles is converted into soluble compounds suitable for 
providing nourishment to plant root systems. Although 
the phosphorus extraction unit 40 may be used indepen 
dently and placed in the soil near the rhizosphere of a 
plant root system in order to provide a direct source of 
soluble phosphorus for that plant, it is anticipated that 
its principal use will be as a secondary package in con 
junction with a primary package. 
By reference to FIG. 5, a second preferred embodi 

ment of the secondary package 25 is illustrated as a 
re?ned phosphorus granule generally indicated at 26 
whose components exist in a time-delay and timed 
release con?guration. Granule 26 is comprised of a core 
of commercially available soluble phosphorus fertilizer 
28 with a coating 30 resistant to moisture which serves 
to delay the release of the phosphorus after its exposure 
to water. Molten sulfur, epoxy resins or other polymer, 
or slowly hydratable compounds can be employed to 
form the coating 30. The soluble phosphorus fertilizer 
28 of the core is ?rst mixed with an appropriate binder 
27 and then formed by compression into granule 26. 
The binder or vehicle has the ability to become progres 
sively hydrated and thus provides for the sustained and 
timed-release of phosphorus from the granule 26. 
By reference to FIG. 6, a second preferred embodi 

ment of the primary package 8 is illustrated as a wet or 
moist capsule, ball or bolus generally illustrated at 52 
whose support matrix is a gel. Contained within the 
body of the hydrated gel package 52 are one or more 
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14 
secondary packages 25 or 40 which constitute a source 
of soluble phosphorus, a seed 32 and/or a seedling 33 of 
a vector plant, propagules consisting of spores 36 or 
root fragments 35 infected with hyphae 34, and a hy 
drated gel-like support matrix 38. The matrix 38 may 
optionally include cellulosic ?bers. By comparison of 
the hydrated gel package 52 with the ?brous package 12 
of FIG. 3, it is noted that the same functional constitu 
ents are present in both. However, the presence of a 
hydrated gel support matrix in package 52 permits the 
inclusion and maintenance of microorganism propa 
gules 36, 34 and vector plant seedling 33 in an active 
state. The degree of development of the vector plant 
seedling 33 further permits the prior inoculation of its 
root with AB or MF microorganisms. Depending on 
conditions in the soil and the mode of deployment, the 
hydrated gel package 52 may or may not be provided 
with an outer envelope 46 in the form of a bag or tube 
within which the constituents are situated. The hy 
drated gel package 52 permits either continuing activity 
or rapid activation of the AB or MP microorganisms 
and the early development of vector plant seedling 33. 
In all other respects the packages 12 and 52 are identical 
in the use to which they are applied. 
By reference to FIG. 7, another preferred embodi 

ment for a primary package 8 serving as a source of 
phosphorus fertilizer is illustrated. In this embodiment, 
a ribbon, strap or slab generally indicated at 54 consti 
tutes an alternate mode of deployment. By comparison 
of the phosphorus source ribbon 54 of FIG. 7 with the 
dry or moist ?brous package 12 of FIG. 3, it is noted 
that the structure and content is essentially identical 
with the exception of the physical con?guration or 
positioning of the constituents. In FIGS. 3, 5 and 6, the 
contents of the secondary package 25 containing phos 
phorus are not illustrated since the packages 25 may 
contain either the re?ned phosphorus fertilizer granules 
26 as illustrated in FIG. 5 or rock phosphate extraction 
units 40 as illustrated in FIG. 4. 

In constructing ribbon, strap or slab gel packages 54, 
the methods of mixing are similar to those used in pro 
ducing ?brous package 12. After the constituents are 
combined in a gel-like mixture they are formed into a 
continuous sheet using extrusion and ?attening and/or 
paper fonning techniques. The sheet is then coated to 
form a “sandwich” whose upper and lower leaves form 
a laminated sheet which in effect serves as an envelope 
46. The continuous ribbon 54 may function in a manner 
identical to that described for packages 12 and 52. The 
ribbon 54 may be stored in a roll con?guration and may 
be mechanically delivered as required for inoculation 
into the soil or used to create pledgets which are indi 
vidually placed. 
From the foregoing description it will be appreciated 

that the novel phosphorus fertilizer system disclosed 
herein clearly overcomes many of the longstanding 
problems in the art by (1) providing a means for deliver 
ing soluble phosphorus to plant root systems without 
appreciable adsorptive loss of the phosphorus to clay 
minerals in the surrounding soil; (2) providing a means 
for extracting soluble phosphorus compounds from 
rock phosphate without the complex commercial chem 
ical processes of re?nement; (3) providing a phosphorus 
supply which is available to plant root systems over an 
extended time period; (4) providing a means for deliver 
ing phosphorus to plural plant root systems; (5) provid 
ing a means for distributing and balancing the overall 
phosphorus level in plural plant systems so as to transfer 
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phosphorus from those plants having adequate or excess 
phosphorus to those plants de?cient in phosphorus; (6) 
providing a means for preparing and packaging fungal 
microorganisms for storage and transport, and for rapid 
activation upon introduction into said environments; 
and (7) providing a means for the introduction and 
distribution of plant-bene?cial fungal microorganisms 
into soil environments. In addition, the components of 
this system are all contained in a form which permits 
storage and which facilitates their transport and implan 
tation into the soil without harm to the biological com 
ponents of the system. 
The invention may be embodied in other speci?c 

forms without departing from its spirit or essential char 
acteristics. The described embodiment is to be consid 
ered in all respects only as illustrative and not restric 
tive. The scope of the invention is, therefore, indicated 
by the appended claims rather than by the foregoing 
description. All changes which come within the mean 
ing and range of equivalency of the claims are to be 
embraced within their scope. 
What is claimed and desired to be secured by United 

States Letters Patent is: 
1. A method for producing microorganisms for use as 

soil inoculants comprising the steps of: 
obtaining an environmentally controlled enclosure; 
placing selected microorganisms within the enclo 

sure; 
placing at least one germinating host plant source 

within the enclosure in proximity to the selected 
microorganisms; 

incubating the selected microorganisms and the ger= 
minating host plant source within the enclosure so 
that the selected microorganisms can infect at least 
one root developing from the host plant source; 
and 

incorporating the infected host plant source with a 
source of phosphorus on a support means, to form 
an apparatus for delivering phosphorus to plants. 

2. A method for producing microorganisms as de 
fined in claim 1, wherein the step of obtaining an envi= 
ronmentally controlled enclosure comprises the step of 
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obtaining such an enclosure which is substantially free 
of mycorrhizal fungi and actinomycete bacteria. 

3. A method for producing microorganisms as de 
?ned in claim 1, further comprising the step of forming 
hyphal propagules from the microorganism infected 
root, said hyphal propagules being useable for infecting 
other plants with the microorganisms. 

4. A method for producing microorganisms as de 
?ned in claim 1 wherein the host plant source comprises 
at least one of the following: (a) a plant seed; and (b) a 
plant seedling. 

5. A method for preparing microorganisms for use as 
soil inoculants comprising: 

obtaining microorganisms suitable for encouraging 
plant growth; 

packaging the microorganisms in an environment 
containing moisture and a source of soluble phos 
phorus and in proximity to a host plant means; and 

cooling and maintaining the packaged microorgam 
isms, environment, and host plant means at low 
temperatures above the freezing point of water 
prior to inoculation into soil, so as to slow activity 
of the microorganisms and to slow growth of the 
host plant prior to said inoculation. 

6. A method for preparing microorganisms as de?ned 
in claim 5 wherein the step of packaging the microor 
ganisms comprises the step of placing said microorgan 
isms in a ?brous support medium which is capable of 
hydration and which also supports the host plant means. 

7. A method for preparing microorganisms as de?ned 
in claim 5 wherein the step of packaging the microor» 
ganisms comprises the step of packaging the microor= 
ganisms in proximity to at least one of the following: (a) 
a plant seed; and (b) a plant seedling. 

8. A method for preparing microorganisms as de?ned 
in claim 5 further comprising the step of enclosing the 
environment, microorganisms, source of soluble phos= 
phorus and host plant means in a container which is 
permeable at least to water, said container being con?g 
ured so as to permit escape of plant roots from within 
the container after infection of said roots by said micro= 
organisms. 
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